Membrane fouling represents one of the major issues for a membrane bioreactor (MBR). Membrane fouling and high aeration requirements (for inducing shear stress to limit fouling) make MBR operation economically demanding due to high energy costs. Although several studies on MBR fouling have been performed, comprehensive knowledge on how to reduce membrane fouling and consequently save energy is still lacking.
Introduction
A Membrane Bioreactor (MBR) is an emerging technology increasingly used for wastewater treatment [1] . Despite the numerous advantages of MBR over the conventional activated sludge (CAS) process (e.g., high effluent quality, reduced footprint, lower excess sludge, higher organic loading rates applicable), the MBR technology is affected by crucial issues that may hamper widespread application. Membrane fouling is certainly one of the major obstacles [2] . More specifically, fouling causes permeability reduction and/or an increase of transmembrane pressure (TMP) leading to significant operating costs. The required energy due to TMP as well as the high aeration requirements, make MBR an economically demanding technology. Among the operating conditions, aeration represents a crucial element for membrane fouling. In fact, aeration is used both to provide oxygen for maintaining activated sludge in suspension and to reduce fouling by scouring on the membrane surface [3] . A balance between flux, TMP, energy demand and cleaning frequency is crucial [4, 5] . To date, many researchers have been working on membrane fouling in order to identify which factors affect this phenomenon and how to reduce the operating costs [6] [7] [8] .
The required energy to achieve a pressure suitable for flow reversion (backwashing) or for aeration (relaxation combined with aeration) contributes to increase the MBR energy demand and consequently operating costs [9] . The reduction of operating costs is recommended in order to make MBR technology more competitive and widely applicable.
In the past, due to limit operating costs previous experimental studies have demonstrated how modifying factors that affect membrane fouling lead to a possible reduction of MBR operating costs [10, 11] . Meng et al. [12] , by analyzing the behavior of three MBR pilot plant, demonstrated that the increase of aeration rate may also negatively affect membrane fouling. An intense aeration rate may damage the structure of flocs reducing their size, and releasing EPS in the bioreactor thus increasing fouling phenomenon [13, 14] .
Despite the useful insights gained by previous experimental studies, there are still some gaps in the understanding of the roles played by the overall operating conditions in the definition of the optimal conditions for reducing fouling (i.e., economic costs) and, on the other hand, for optimizing system performances in terms of effluent quality. Experimental studies may present some limits in terms of both economic costs and investigation time requirements. Furthermore, experimental studies may offer only a limited and narrow spectrum of possible alternatives, and consequently not all the possible combinations of operating conditions can be explored. Consequently, comprehensive knowledge is still lacking and many aspects are still controversial [2] .
In this context, MBR mathematical models are a useful tool to predict membrane fouling and to select which operating conditions have to be optimized to reduce energy costs (e.g., [15] ). MBR models may allow exploring a wide range of operating conditions and comparing different solutions prior to their effective realization/ application. However, studies on a joint simulation of both biological and physical processes for MBR are rare (among others, [16] [17] [18] ) and research on the evaluation of system performance and energy consumption for MBR are at a somewhat elementary state.
In particular, from the literature three MBR modeling approaches can be pin down [58] : biomass kinetic models, membrane fouling models and integrated models. The kinetic models are based on the activated sludge models (ASMs) which have been properly adapted [29] . In more detail, the ASMs have been modified to take into account the formation and degradation of the soluble microbial products (SMPs) in the MBR [15] . Actually, in the technical literature among the kinetic models, the hybrid models, which are basically a coupling of the ASMs and the SMP formation/degradation process, are also defined. In contrast to the kinetic models, the hybrid models enable describing the influences of SMPs in the biological processes and effluent quality [5] . Regarding the second approach of MBR models, i.e., membrane fouling ones, many mathematical modelling approaches have been considered to simulate the fouling phenomenon so far: some of them are basically straightforwardly based on solids-liquid separation and simulate filtration processes as ideal settler with unitary efficiency [22] . Other models consider specific physical approaches: cross flow filtration and mass transport models [21, , 22] . Nevertheless, membrane fouling is generally evaluated by employing the resistance-in-series model [58] or, rarely, empirical models [59] . Finally, the integrated models, basically couple the kinetic models with the fouling one (such as the resistance-in-series model) and often consider the formation and degradation of SMP. Among the published integrated models only a few models take into account the relationships between the reversible fouling (i.e., cake layer) and the biological processes (among others, [15] [16] [17] ). Recently Zuthi et al. [60] addressed the importance of using integrated modeling approach with the use of resistance-in-series models to better simulate the membrane fouling, as physical mechanisms of membrane play a vital role.
In the wastewater treatment plant (WWTP) field several optimization studies have been carried out for the assessment of the best operating conditions obtained by minimizing the operational costs and keeping high plant performances in terms of effluent quality. However, such studies refer mainly to CAS systems (among others, [19] [20] [21] ). Despite the useful results from previous literature studies, the transferability of the results derived for CAS is limited and cannot be directly referred to MBR which requires dedicated and ad-hoc studies [22] . To overcome such an issue, Maere et al. [23] presented an optimization study for evaluating different MBR control strategies based on an ad-hoc platform. Such platform was realized on the basis of the existing COST/Benchmark Simulation Model No.1 (BSM1) [24, 25] widely used as a procedure for designing and evaluating control strategies for CAS systems. By using the proposed platform (BSM-MBR) the authors quantified, for both steady and dynamic conditions, the energy requirement in terms of aeration, pumping and mixing. Despite the useful insights gained from the study [23] there are some criticisms on the results due to the simplified modeling approach. An ideal membrane was assumed and some biological/physical processes deemed to be crucial for MBR (e.g., pore fouling, interaction between biological and physical processes etc.) were not taken into account. Furthermore, phosphorus removal was not taken into account; such a fact is quite common in integrated MBR modeling studies where phosphorus removal is scarcely studied [5, 26, 27] .
The above literature review shows that a comprehensive analysis of interactions among the relevant operating conditions simultaneously considering both biological (including phosphorus removal) and physical processes is lacking so far. Bearing in mind such considerations the main aim of this paper is to provide hints for selecting the best MBR management strategies for energy saving and maintaining high effluent quality. For this purpose, the influence of the aeration intensity, the duration of filtration/ backwashing cycles and the number of membrane cleanings on the MBR energy demand has been investigated. In more detail, the problem statement for the pursue of this study is: how can we select the best operating conditions in terms of aeration and duration of filtration/backwashing for an MBR system by limiting fouling?. To accomplish such goals an integrated MBR model able to account for both biological and physical processes was employed. The integrated MBR model was applied to a University Cape Town (UCT)-MBR pilot plant and calibrated by means of measured data gathered during previous studies [16, 28] . Five scenarios were analyzed and compared in terms of energy requirements, effluent quality, and economic costs.
Materials and methods

The MBR model
The study was performed by using an integrated ASM2d-SMP-P MBR model developed in previous studies [16, 17] . The model describes both biological and physical processes that occur in an MBR system and is divided into two sub-models: a biological and a physical sub-model. The MBR model involves 19 biological state variables and 79 parameters (kinetic, stoichiometric, physical and fractionation-related). The biological sub-model simulates the biological processes according to the ASM2d [29] and includes the production/degradation processes of soluble utilization associated products (SUAP) and of soluble biomass associated products (SBAP). More specifically, the biological sub-model includes anaerobic, aerobic and anoxic hydrolysis processes of both UAP and BAP [16, 30] . Six hydrolysis processes introduce four parameters: the fraction of BAP and UAP generated per biomass decayed (respectively, f BAP and f UAP ) and the hydrolysis rate coefficient for S BAP and S UAP (respectively, k H,BAP and k H,UAP ).
The stoichiometric, composition and kinetic rates for the reaction processes are expressed according to the classical ASM matrix format [16] . In particular, the biological reaction rate of a component (i), at time (t), r i is derived by means of the equations:
where v is the stoichiometric matrix, i and j are, respectively, the state variables and the biological processes, ρ is the kinetic rate, and m is the number of process involved.
The physical sub-model simulates the main physical processes that occur in the MBR which are influenced by or may influence the biological sub-model. Specifically, several processes are taken into account [16, 17] : cake layer formation during suction and backwashing phases; COD removal throughout cake layer which acts as a filter; COD removal due to physical membrane; pore fouling; pore blocking; and influence of SMP on pore fouling. The membrane is modeled by dividing its surface into N equal fractions (areal sections) according to the sectional approach method [31] . A different shear intensity of the fluid turbulence (G) is considered as a function of the distance from the aeration systems. Such an approach for G simulation, allows also accounting for the non-uniform sludge cake accumulation on the membrane surface. Both reversible and irreversible fouling is modeled. More specifically, irreversible fouling is modeled as the sum of two contributes: pore fouling, which is caused by the deposition of solutes inside the membrane pores, and stable cake fouling which is caused by deposition of particles on the membrane surface not removed by backwashing. The deposition of solutes inside the pore is carefully taken into account, as it can be crucial for assessing SMP concentration inside the MBR tank and eventually the membrane fouling. Reversible fouling is modeled as dynamic cake fouling caused by deposition of particles removed during backwashing phase.
By means of the deep-bed theory, the MBR model simulates the COD profile over the cake layer [32] . In particular, the model assumes that a fraction of particles can be retained inside the cake layer. In this way, a possible reduction of the COD due to the presence of the cake layer (biological filter) is taken into account (see, [17, 33] ). The total filtration resistance (R t ) is calculated as the sum of the total resistances of each ith areal section (R tS(i) ). In particular, R tS(i) is computed as the sum of the intrinsic membrane resistance (R m,i ), the resistance due to the pore fouling (R p,i ) and the resistance due to the cake layer (R c,i ). This latter resistance is considered as the sum of two contributes, one related to the dynamic cake layer (R dc,i ) that represents the reversible resistance (R rev,i ) and another one related to the stable cake layer (R sc,i ). Consequently the R t is computed as follows [17] :
where n is the number of membrane areal sections, and R irr and R rev are the irreversible and reversible resistances, respectively.
Both the specific filtration resistances of the stable cake (r sc ) and the specific filtration resistances of the dynamic cake (r dc ) are influenced by the SMP. To take into account such a fact, both r sc and r dc are modeled as suggested by literature (i.e., [34] and [35] ), employing the following equation:
where a, b, c and d are empirical constants, MLSS represents the mixed liquor concentration inside the MBR tank, μ is the sludge viscosity, S SMP is the SMP concentration in the MBR tank and TMP p is the trans-membrane pressure coefficient. The consequent dependency of R t on S SMP has peculiar interest when the aim of modeler is to quantify the energy demand related to the membrane fouling. Finally, once R t is calculated, the model allows to the determination of TMP as follows:
where j t is the overall flux coefficient. [36] . Data acquired during the sampling campaign were used in a previous study for the model parameters calibration by employing an innovative calibration protocol [16, 47] . Further details about the pilot plant and sampling campaign can be found in Cosenza et al. [28] and Di Trapani et al. [37] .
Evaluation criteria
For the evaluation criteria of the UCT-MBR, two indices have been adopted: the effluent quality index (EQI) and the operational costs (OC). The latter was calculated as a function of the power energy requirement (permeate extraction and aeration), the chemical consumption for membrane cleanings and the effluent fines.
The effluent quality index
The EQI, expressed in kg pollution units per day
calculated as the weighed sum of the pollutants mass discharged over the entire evaluation period (T) [38] :
where β COD , β NH , β NO and β PO are, respectively, the weighting factors of the effluent concentration of COD (COD e (t)), ammonia (S NHe (t)), nitrate (S NOe (t)) and orthophosphate (S POe (t)). The β i factors allow conversion of the discharged mass of each effluent component (e.g., COD e ⋅Q ef f ) into pollution units. In particular, the β i factors were determined based, in part, on empirical effluent component weightings. These weightings are based on a study employing a Flanders effluent quality formula for calculating fines [40] . Using the steady state data for each of the layouts it is possible to calculate the organic and nutrient terms based on the Flanders equation [24] . According to Copp [40] , from these terms it is then possible to determine the specific fraction that each term comprises of the fine formula i.e., %nutrients ¼ N nutrients / (N nutrients +N organics ). The β i factors were chosen to reflect these calculated fractions [24] . Moreover, similarly to previous studies (i.e., [61, 62] ) for better agreement with ecological aspects related to nutrients discharge the highest weighting factor was considered for phosphorus. In this study the following weighting factors were employed [23, 38] :
The contribution of COD e (t), S NHe (t), S NOe (t) and S POe (t) to the EQI value is defined as EQI COD , EQI SNH , EQI SNO and EQI SPO , respectively.
The operational costs
In order to evaluate the operational costs, similarly to previous studies three contributions are considered [21, 39, 40] : costs due to the energy demand for aeration and permeate extraction, costs due to the chemical consumption for membrane cleanings and costs due to effluent fines applied to the EQI. The operational costs were calculated by adapting the cost function proposed by Vanrolleghem and Gillot [39] for the case of MBR systems. More specifically, OC has been computed as:
where ] represents the effluent fines. Regarding CC, a typical membrane cleaning protocol was assumed for calculating chemical consumption [1, 41] . Such a protocol takes into account the cleaning with a solution of 500 ppm of NaOCl and 2000 ppm of citric acid. The chemical product prices indicated by Brepols [41] were considered for citric acid 50% and NaOCl 14%, respectively, 760 € ton −1 and 254 € m ], R is the gas constant for air [8. 314 kJ kmol
], T is the absolute temperature [K], p 1 and p 2 are the absolute inlet and outlet pressure [atm], respectively, 29.7 is a constant according to the International system of units, 0.283 is a constant for air, e is the blower efficiency (common range 0.7-0.9).
The energy requirement for pumping permeate flow (Q eff ) is evaluated by using the expression suggested by Judd and Judd [1] :
where P eff,p [kW] is the permeate pumping power requirement, TMP [kPa] is the trans-membrane pressure, Q eff [m 3 h −1 ] is the effluent flow rate, t 0 and t are, respectively, the initial and the final time of pump operation, and η is the permeate pump efficiency. The same expression [7] has been used to evaluate the energy requirement for backwashing.
Effluent fines.
The EFs are calculated by comparing the quality of n effluent pollutants (j) with the effluent limits [40] : o C L;j . For the case under study the concentrations of total COD (COD TOT ), ammonium (S NH ), nitrate (S NO3 ) and phosphate (S PO ) in the permeate are taken into account as pollutants. Table 1 summarizes the values of the parameters used, in the case under study, for the EF computation. The value of Ci,L was established according to the emission limits suggested by Italian laws. For COD TOT , S NH and S PO the same values of the parameters Δα j Δβ j and β 0j , used by Stare et al. [43] for the effluent ammonia were used. Conversely for S NO 3 the values used by Stare et al. [43] for the total nitrogen were considered.
The investigated scenarios
The influence of the aeration intensity in the MBR tank, the duration of filtration/backwashing cycles, and the number of membrane cleanings is analyzed by means of the integrated MBR model via Monte Carlo simulations and considering five scenarios.
The contribution of the air flow for providing oxygen to the aerobic reactor (third tank) has been singled out from the contribution of the fouling reduction by scouring on the membrane surface. The air flow due to the aeration of the aerobic reactor (third tank) has been kept constant in the five simulated scenarios. Furthermore, the oxygen concentration in the aerobic reactor has been modeled by considering the classical modelling approach for the ASMs [29] . To better single out the aeration contribution for providing oxygen from those for reducing fouling, the membrane has been located in an ad-hoc tank and not in the aerobic reactor as in the classical submerged configuration scheme.
The first scenario (namely, the benchmark scenario) is characterized by the following conditions: (i) pilot plant under the real operating conditions during which the field data gathering campaign was carried out and (ii) model parameters derived by conditioning the MBR model to measured data. The second scenario is in regards to the assessment of the air flow rate (qa). In particular, all model parameters are kept constant (i.e., equal to the benchmark scenario values) except the value of qa inside the MBR tank. The third scenario considers the assessment of the duration of filtration (Tf) and backwashing (Tb) phases. Specifically, the values of Tf and Tb are simultaneously changed while keeping the other model parameters to the calibrated values as constant (i.e., the benchmark scenario). The fourth scenario is related to the assessment of the interactions between three Table 1 Values of the parameters used for the evaluation of effluent fines for each pollutant taken into account.
Pollutant
Δα j [€ kg Scenario 5 differs from previous ones where membrane cleanings are superimposed on the basis of real operating conditions (i.e., the benchmark scenario) and without directly taking into account the TMP increase during plant operation. For scenarios 1-4 the number of membrane cleanings is considered the same as the real pilot plant operation (i.e., the benchmark scenario).
The modeling conditions
For each scenario, steady-state and dynamic simulations were performed. More specifically, before running the dynamic simulations the MBR model was first run for assessing the steady-state conditions. In particular, for each scenario and set of model parameters, steady-state simulations were performed imposing constant values for the input variables. The duration of the steadystate simulations was three times the sludge age (see [44] ) and it was followed by 165 d of dynamic simulations. Table 2 summarizes the biokinetic, stochiometric, and physical model parameter values employed. Such values have been derived by a previous study during which model calibration was carried out for the UCT-MBR pilot plant [17, 28, 37] . More specifically, the model parameters were calibrated by employing an innovative calibration protocol [17] based on the combination of the Global Sensitivity Analysis [45] and the Generalized Likelihood Uncertainty Estimation methodology [46] .
The dynamic simulations of the ASM2d-SMP-P were performed by using a continuous input series of the following model input variables: total COD (COD TOT ), soluble undegradable organics (S I ), fermentable organic matter (S F ), acetate (S A ), nitrate (S NO3 ), ammonia (S NH ) and orthophosphate (S PO ). The dynamic input was obtained by means of a Fourier series calibrated on the basis of measured data [47] [48] [49] . The main features of influent series are reported in Table 3 .
In Table 4 the adopted values for qa, Tb, and Tf are shown. For scenarios 2-5, 1000 Monte Carlo simulations were performed sampling, due to the lack of information (see, [50] ), from a uniform distribution function of the parameters with the Latin hypercube sampling method [51] and according to the uncertainty ranges of the model parameters in Table 4 . The number of simulations was calculated similarly to previous studies [52, 53] . More specifically, simulations were performed step by step considering an increasing number of sampled variables. At each step, the distributions of each model variable were compared to those obtained in the previous step. The number of simulations adopted for each was reached when the differences between the results of the two steps were not appreciable according to the Kolmogorov-Smirnov maximum distance test with a significance level of 0.01.
For the benchmark scenario qa, Tf and Tb were not varied and their values were kept constant according to the manufacturer value shown in Table 4 . Conversely, for scenario 5 a TMP_TR value equal to 45 kPa was chosen according to manufacturer suggested values.
Results and discussion
Results of the benchmark scenario
In Fig. 1 the average cake layer thickness and model resistances (reversible and irreversible) are given. Both resistances and cake layer thickness show a temporal "saw tooth" profile indicating phases of solids deposition on the membrane surface and solid erosion. In particular, the eight "teeth" of Fig. 1 are the effect of the MBR cleanings carried out during plant operation. R rev shows a more narrow "saw tooth" profile than R irr as an effect of backwashing (one every 9 min). R irr shows an increasing trend as an effect of pore fouling which is consistent with the simulated processes. The maximum value of R irr (4.02 Â 10 12 m −1 ) occurs at the 83rd day (Fig. 1a) . The value of R rev is approximately stable during the entire simulation period and is characterized by an average value of 0.147 Â 10 12 m −1 (Fig. 1a) . R irr provides the highest contribution to R t with an average value of 89% (R irr /R t ). Such a result is in agreement with the findings of other researchers. Both Arabi and Nakhla [54] and Sarioglu et al. [55] have found that for an MBR system aimed at the simultaneous nitrification and denitrification, the resistances of pore fouling and intrinsic membrane were the major components of the total resistance. The trends of R irr and R rev are strongly connected to the total cake layer thickness reported in Fig. 1b . The average values of the cake layer thickness along the membrane height (Fig. 1b) range between 0 and 0.85 mm with a mean value equal to 0.27 mm and is in good agreement with previous studies (among others, [31, 56] ). Fig. 2 shows the influence of the non-uniform distribution of the shear intensity of the fluid turbulence on the membrane surface for the cake thickness along the membrane height during the filtration period. Specifically, in Fig. 2a the cake layer thickness at the 58th day of plant operation is shown. Fig. 2b shows the cake layer thickness along the membrane height during the last filtration period just before the membrane cleaning on the 84th day. For such a case, the cake thickness thus represents the irreversible cake fraction accumulated from 58th to 84th day. . This result confirms previous findings which identify the coarse bubble aeration for membrane cleaning as the main MBR energy consumer [22, 23, 57] . The derived value for aeration energy is in line with previous studies [23, 56] . Values of 0.59 and 0.53 kW h m −3 were derived by Suh et al. [56] and Maere et al. [23] , respectively. As pointed out by Maere et al. [23] , the values are higher with respect to the measured ones for full scale plants which range between 0.23 and 0.45 kW h m −3 . This fact is mainly due to the operation of the membrane aeration. For full scale plants, membrane aeration discontinues differently to the simulated plant where membrane is constantly aerated. Consequently, the obtained value of aeration energy is higher than the measured ones for full scale plants. The low value obtained for permeate pumping energy is mainly due to the modest value of TMP during the overall simulation period. During plant operation, the MBR cleanings were carried out with an high frequency leading to an average TMP value over the overall MBR operation equal to 17 kPa.
Results of scenario 2
Figs. 3 and 4 show results related to scenario 2 where only the aeration flow was changed, keeping all the other operating variables constant. In Fig. 3a the effect of aeration on the energy requirement is shown. In Fig. 3a and according to Eq. (7), P w and qa are related by a linear relationship. Conversely, the permeate pumping energy requirement is characterized by a decreasing trend. The greatest power requirement is due to the blowers and, such a power requirement is four orders of magnitude higher than the pumping one. The lowest value of the permeate pumping energy requirement (4.3 Â 10 −4 kW h m −3 ) is obtained for a qa value equal to 14.96 L m −2 s −1 (Fig. 3a) , while the lowest value of ). The decreasing trend of the permeate pumping energy requirement is mainly due to the TMP reduction (connected to the decrease of R t ) for high qa values. As reported in literature, membrane permeability improves by increasing the aeration intensity [12] . However, the variation of R t due to the qa is mainly attributable to the different role played by R irr and SMP. The value of qa is higher, and the concentration of SMP inside the membrane tank is lower (Fig. 3b) . Consequently, a reduction of R irr and P eff takes place. Conversely, for low value of qa, the SMP concentration in the reactor increases (Fig. 3b) . This increase of the permeate pumping energy requirement is mainly due to the high SMP retained inside the membrane pores. The variation of the SMP concentration (Fig. 3b) as an effect of qa is mainly due to the interaction between physical and biological processes. In particular, by reducing qa an increase of the thickness of the cake layer takes place as an effect of the higher amount of solids deposited on the membrane surface. The higher cake layer thickness causes a reduction in the COD concentration at the membrane effluent due to the cake layer basically acting as an extra filter [33] . Such a circumstance leads to an increase of COD inside the MBR tank and consequently the mixed liquor recycled from the MBR to the aerobic tank contains a higher COD mass, thus influencing the biological processes occurring inside the aerobic and the MBR tank. In particular the SMP production process increases due to a higher biomass activity, conversely the higher availability of COD leads to a decrease of SMP degradation.
The money demand showed a linear trend ranging between 0.136 and 0.234 € m −3 for an air flow rate of 2 and 15 L m −2 s −1 , respectively. In Fig. 4a-d Fig. 4a , EQI COD increases with qa, and this is mainly due to the variation of cake layer thickness along the membrane surface with varying qa. More specifically, by increasing qa a reduction of the cake layer thickness takes place (Fig. 4f ). This is due to the fact that the shear intensity of the fluid turbulence effect on membrane cleaning is higher for a high value of qa (also shown by others, such as Meng et al. [12] ). Thus, the cake layer ability to retain particles decreases with increased qa.
By observing Fig. 4b , c one may conclude that increasing qa the variation of nitrification capacity is negligible. Only a slight variation of EQI SNH and EQI SNO occurs (Fig. 4c, b, respectively) . Such a result is mainly due to the good biomass ability of nitrifying in the aerobic tank. Again, the influence of qa on MBR phosphorus uptake can also be considered negligible (Fig. 4d) . The aerobic growth of phosphorus accumulating organisms and aerobic phosphorus uptake are mainly regulated by the poly-β-hydroxylalkanoates stored during the anaerobic phase.
As shown in Fig. 4e , EQI increases globally with qa mainly as an effect EQI COD and EQI SPO variation. Fig. 4g shows the irreversible resistance (R irr ) for qa values equal to 2, 5 and 15 L m −2 s −1 . As reported in Fig. 4g , R irr increases with the decrease of qa. Such a result is mainly due to the higher SMP concentration inside the MBR tank at low qa value as discussed above (Fig. 3b) . This demonstrates that a strong relationship exists among qa, SMP production and irreversible membrane fouling highlighting the need for an integrated modelling approach. However, the R irr at low qa has a lower influence on money demand with respect to qa. Thus lower air flow has a beneficial effect in terms of effluent quality due to the formation of a thicker cake layer that acts as an additional filter (among others, [33] ). For scenario 2 the best condition in terms of energy demand, money demand and EQI corresponds to the minimum value of qa (namely, 2 L m −2 s −1 ). Such a result is consistent with other studies. Suh et al. [56] studied the influence of coarse bubble aeration intensity on membrane fouling and found that the operating conditions with continuous strong membrane aeration are inefficient in terms of energy saving.
Results of scenario 3
In Fig. 5 the results related to the variation of both Tf and Tb are shown. It is worth mentioning that Tf and Tb were varied independently assuming an uniform distribution according to the variation ranges reported in Table 4 and imposing the condition that Tf 4Tb. Conversely, T cycle was derived as the sum of Tf and Tb. In Fig. 5a , the effect of the T cycle variation on the permeate 
0.0207 pumping energy requirement is shown. Specifically, each dot represents one Monte Carlo run and is basically the sum of two values, i.e., Tf and Tb. Notably, P eff vs T cycle is characterized mainly by two different limbs: a decreasing and an increasing one (Fig. 5a ). The formation of these two limbs is due to a different role played by Tb and Tf. In particular, the first limb is characterized by pairs of Tb and Tf whose sum is lower or equal to 15 min. For such a case, by increasing T cycle a reduction of the cake layer thickness takes place since Tb has the main role on controlling the overall process. Specifically, by increasing Tf the cake layer tends to increase; however, such a trend is counterbalance by the Tb effect that tends to a reduced cake layer. Conversely, as soon as T cycle is higher than 15 min, part of the cake layer is not removed by the backwashing and starts to build-up. Tb reaches an apparent maximum capacity to remove the cake layer. Therefore, an increase of T cycle essentially corresponds to an increase of Tf (Tb remains equal to the maximum capacity-namely 5 min) leading eventually to an increase of membrane resistance and permeate pumping energy requirement. In Fig. 5b and c different profiles of the total resistances and cake thickness are reported for a value of T cycle equal to 11 min and for different values of Tf and Tb. The increasing Tf and consequently reducing Tb (T cycle is kept constant) leads to an increase of membrane resistance as well as of the cake thickness. Such a fact is consistent with the physical process. As discussed above, a reduction of Tb corresponds to a reduction of the efficiency of the backwashing and thus to an increase of the cake thickness.
In terms of money demand (namely, around 0.180 € m −3 ), a relevant influence of Tb and Tf was found; this is mainly due to the fact that the highest absolute money demanding contribution due to the energy requirement is represented by the cost of the power requirement for each blower that was maintained constant. For scenario 3 EQI decreases with the increase of T cycle takes place. This is mainly due to the fact that increasing T cycle the contribution of Tf increases and consequently the cake layer thickness is higher. As the cake layer is able to retain particles, by increasing the cake layer thickness the EQI decreases. Finally, the best condition in terms of money demand corresponds to a value of T cycle around 88 min corresponding to Tb¼ 1 min and Tf ¼87 min. Such a result seems to be in contrast with the findings reported in Fig. 5a , where the minimum of P eff occurs for T cycle around 20 min. However, the best condition in terms of money demand has been found on the basis of Eq. (6) where the term EF has an important role in case Tb and Tf are changed. For Tb ¼1 min and Tf ¼87 min the lowest EF occurs.
Results of scenario 4
Fig . 6 shows the results for scenario 4 in terms of variation of permeate pumping energy requirement and EQI versus qa. By analysing Fig. 6 it is evident that by increasing qa, the permeate pumping energy requirement decreases as an effect of the reduction of the cake layer thickness. However, it is evident that the influence of the variation of qa on P eff is lower with respect to scenario 2. Such a result is mainly due to the fact that the simultaneous variation of Tb, Tf and qa conceals the effect of the single influence of qa. In terms of EQI no specific trend can be found. Results reported on Fig. 6b show a high equifinality [46] of the variation of qa for EQI. Such a result is mainly due to the compensation effect caused by the simultaneous variation of qa, Tb and Tf thus demonstrate a high interaction between variables and stress the importance in considering a robust MBR modelling approach, such in the case of integrated models. An oversimplification of the modelling approach could lead to misleading results as an effect of the complexity of the involved processes and the high mutual interactions among the involved physical-chemical-biological processes. In Fig. 7a the variation of P eff versus T cycle is reported. Fig. 7b shows how EQI changes by varying T cycle . By observing Fig. 7a one may conclude that a slight increase of P eff occurs by increasing the T cycle . However such a result, as discussed before, is deeply related to the different ratio Tb/T cycle and Tf/T cycle . The increase of P eff is mainly due to the high ratio of Tf/T cycle . Regarding EQI, the variation with T cycle is lower than the case of scenario 3 where only Tb and Tf were changed. This is mainly due to an interaction effect caused by the simultaneous variation of qa, Tb and Tf. Even in this case the highest contribution of the money demand is due to qa. For scenario 4 the best condition in terms of energy demand and money demand occurs for qa around the minimum and T cycle around 57 min corresponding to Tb¼ 1 min and Tf ¼56 min.
Results of scenario 5
As discussed above, this scenario, different to the previous ones, is characterized by the activation of the membrane cleaning as a function of a TMP_TR, which is superimposed by the operator/ modeller. Globally the permeate pumping energy requirement is slightly higher than for the case of scenario 4, where no TMP_TR was superimposed (see Fig. 7a ). Contrary to scenario 4, the obtained effect of qa on the permeate pumping energy requirement is less remarkable. Such results are an effect of membrane cleaning that is triggered by the achievement of TMP_TR. As an indirect effect, the air flow rate has a minor influence on the permeate pumping energy requirement respect to previous scenarios. Conversely, regarding T cycle , it has been found that by increasing Tb and Tf a reduction of the permeate pumping energy requirement takes place. Such a reduction is higher for low values of T cycle and tends to an asymptotic value of P eff for high value of T cycle . Such a result once again is due to the effect of the reduction of the cake layer discussed for scenario 3. corresponding to a N c value. Such a result is due to the combination of the different values of the operating variables (namely, qa, Tb and Tf). In particular, for each N c value lower than 18, the highest value of the permeate pumping energy requirement corresponds to the lowest value of the air flow (higher cake layer thickness). As soon as N c becomes higher than 18, the range of the possible combinations of the operating variables (namely, qa, Tb and Tf) for a given value of N c is narrower. For low values of N c , the cake layer thickness is high and the TMP_TR is rapidly achieved. Furthermore, for N c 4 18 the value of qa is approximately equal to the minimum value (2 L m −2 s −1 ) and the combinations of Tb and Tf (always grater than 60 min) do not provide substantial variation to TMP. Therefore for scenario 5 two operating conditions can be employed for limiting the pumping energy costs: (i) lower N c values obtained by adopting a high air flow rate and (ii) higher N c values obtained employing a low air flow rate (i.e., qa ¼2 L m −2 s −1 ). However, it has to be stressed that the first case (lower N c ) is characterized by higher OCs due to the high power requirements by the blowers. In terms of EQI by varying both T cycle and qa no variation trend has been found. Such a result is likely due to the fact that the contribution of the cake layer effect is mainly regulated by the number of membrane cleanings. By increasing the number of membrane cleanings the variation of EQI (ranging from 0.27 and 0.35 kg PU d −1 minimum and maximum value, respectively) is reduced.
Comparison between the scenarios
In Table 5 a synthesis of the results for each scenario is reported. Specifically, for each scenario Table 5 reports the values of operating variables (namely, qa, Tb and Tf) which provided the minimum value for EQI, P eff and P w . For each set of the operating variables, in the last two columns of Table 5 , the corresponding costs (namely, EF, OC and CC) are also reported. kW h m −3 (Table 5) .
Regarding scenario 2, the minimum value for the permeate pumping energy requirement corresponds to a qa value equal to 14.96 L m −2 s −1 . Conversely, the lowest value for EQI and P w occurs with the lowest value of qa (2.02 L m −2 s −1 ). Such a result is consistent with the processes. By decreasing qa the value of the power requirement for each blower decreases (see, Eq. (7)). The EQI value related to the minimum of P eff is slightly higher than the value related to the minimum of P w (see Table 5 ) causing the increase of the violation of the effluent limits as demonstrated by the higher value of EF. Moreover, the minimum value of P eff occurs corresponding to the maximum value of qa (qa ¼14.96 L m
This latter circumstance has determined the highest OC value for the scenario 2 that is 42% greater than the OC related to the minimum value of P w . Thus, the substantial reduction in terms of energy demand related to qa equal to 2.02 L m −2 s −1 corresponding to the minimum value of P w and EQI, is the best solution for scenario 2 (Table 5) . Although lower air flow operation leads to an increase of the OCs related to the energy requirement for permeate extraction (because the irreversible fouling increases due to the high SMP concentration) these are lower compared to the costs related to the air flow. Regarding scenario 3, different results in terms of Tb and Tf have been obtained in optimizing EQI and P eff . Conversely, the same values of Tb and Tf were obtained for the minimum value of EQI and P w . For scenario 3, the solution related to the minimum value of EQI and P w (namely, Tb¼ 5 min and Tf ¼ 50 min) is the best solution in terms of operating costs. Even though there is a slight difference, both EF and OC resulted lower than the case of the minimum value of P eff .
For scenario 4 different values of Tf, Tb and qa have been found to correspond to the minimum value of EQI, P eff and P w , respectively. As shown in Table 5 Table 5 shows (for EQI, P w and P eff ) high value of Tf always greater and 0.105, respectively) respect to scenario 2 and 4 with a qa around 2 L m −2 s −1 . Such a fact is relevant: as recently demonstrated by Mannina and Di Bella [15] , the thicker cake layer has a beneficial effect in terms of membrane protection towards fouling.
Conclusions
MBR operation at low air flow showed a substantial reduction of the operating costs (20% lower than the benchmark scenario costs) because the increase of the power required for the permeate extraction is negligible compared to the energy costs of the aeration system. Moreover at low air flow MBR was characterized by a good effluent quality as an effect of the high cake thickness.
High air flow caused a reduction of the biological cake layer, which acts as an extra filter, leading to an increase of the EQI and of the operational costs in terms of EF. Therefore, despite the removal efficiency of MBRs can be quite high, in view of a costs saving strategy, operators have to pay attention on increasing air flow.
The variation of qa influenced R irr , that represents the 90% of R t , due to the lower/higher ability of the cake layer to retain SMPs.
The increase of the duration of the backwashing and filtration respect to the manufacturer values (i.e., 1 and 9 min, Tb and Tf, respectively) do not provide any relevant influence on the money demand due to the low energy requirement for the permeate extraction/backwashing suggesting to revise the Tb and Tf values suggested by manufactures.
Varying simultaneously the overall operational variables (i.e., qa, Tb and Tf) an high interaction was noticed. Such a result confirmed the relevant importance in considering integrated modeling approaches (i.e., modeling approaches which jointly takes into account both biological and physical processes) for MBR systems.
Controlling membrane cleanings as a function of a maximum TMP value, it was derived that the lowest operational costs were corresponded to a number of membrane cleanings, which was double respect to the benchmark scenario thus suggesting, in view of operational costs saving, to operate MBRs without establishing a priori the membrane cleanings frequency.
Further studies must be performed to also confirm experimentally the results, thus leading to a consolidation of the knowledge. Despite such a fact, the presented study can be considered as a leap forward for enhancing understanding on the different roles played by both physical and biological processes. Where: qa¼air flow; Tf ¼ membrane filtration time; Tb¼ membrane backwashing time, N c ¼number of membrane cleaning; EQI¼ effluent quality index; P eff ¼ permeate pumping energy requirement; P w ¼power requirement for blower; EF ¼effluent fines; OC¼ total operational costs; CC ¼chemical consumption costs.
